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ABSTR.iZT

Packet switching communication networks employ routing

protocols to determine the path traversel by each packet as

it passes through the network. Routing protocols which are

adaptive and can restructure the packet paths in response to

localized network cingeszion a e called "dynamic" routing

protocols. Dynamic routing protocols seek to optimize the

r.cuting (prcvide the shortest path) for each packet in the

network. Routing protozols which are unaffected by the

addition or deletion of any subset of nodes are called

"distributedy routing protocols. The relative performance

cf two dismtribut.'ed, lynamic routing protozolS is determined

usi4na computer simltions. re protocols are implemented

on fcur theoretical networks ind tested under a rang-z of

network traffic loads.
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I. INTR3DCTION

A. THE PACKET SWITCHING :-ONCEPr

The purpose of aiy communicitions network is to provide

paths for the transmission of iaformation. It is desirable

that the process itich con:rols the transmission and

reception of messages within the network be transparent to

the user. To achiz.ve this result it is required that the

ccmmur.icaticn network impose a tolerable lelay in the relay

of messages between the origiator and the destination.

Fuzther, the network should require a ainimum .umber of

instructions from the originator to accomplish the task.

I Ieally, the ooriginltor would be required to providt only

the destination of the mess)ge to the network. The

ccmmunicat-ons na toDrk shou!d then be caoable of

transmit:ing messages to their lestinations in as short a

time as possible.

?or communicatios netwoks which serva many users and

have the requirement to exchange large amoun:s of da:a, the

concept of "pack?,: switching" nay provide a metho - of

operation which will satisfy ooth the speed of servic and

-hs transnarsncy requirements of the user. In addition, an

increased robustness :f the netdork can be r_-aized without

11



creating redundant zicuitry if an appropriate routing

algori6thm is employel wit.J,2in the r-etwork.

The packet switching concept may be broadly described as

the coordinated movient of soecified length data streams

wi&thi-n a Communicatin[s rnetworK such that the data streams

a'-ways travel the last congested (ie. quickest) route

between the originator ani the destination. Packet

switching envisions the breaki:)wn of a massage into fi-xsd

leng-th segments (packets) whi=h are transmitted through the

network to the destiaatian by the "s-hortest path" (called

-the best path) wh::~t is known to exist at the time the

packet is released Into the aietwork. The implementation of

the pa.e switchin; concept requires that each station

(rode) iLn the network be capable of processing cer-tainT data

corcerning the structare of tha network. rhis is necessary

so --hat the correct :cuti-ng ca.2 be assigned to each packet

as it is released oy the nole into the network. T~

process can be impl~zmentad i-a the computer software whi-ch

w culd contrcl a nod-0s parzicipa-_ on Jn the net-work. T-

important to recogaize that the r o u t ng of ieen

messages is not a Ipe n e n 1:f each othe.zr, since (for

exampl.e) zsen diJn g 1 tafi via one zoarticula: l1'n k w I I
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introduce ccngestion (queuein|) lelays that might be avoided

by distributing the traffic over a variety of available

links.

Packet switching techniques zan be used to transmit both

data and digitized voice signals. While the transparency of

service to the data aser is rasolved through use of high bit

raTe transmission systems and st:%rage buffers at each node,

the raeal time requicement for intelligible voice

communications may reju're the establishment of a dedicated

circuit for each conversation. It may also be possible. 'o

establish a dedicated voice trinsmission :ircuit each time

the transmitter is "keyel" rither than maintain a circuit

for the duration of the conversation, or :o always transmit

over &he same route (called a "virtual :cizcui-") anA to

share the channeL capacity with other messages during

n:ers-ices in the coaversation. In this way the amoun- of

time a particular set of links :mains dedicated -o a single

transmission is mini3ized.

B. NETWORK PROTOCLS

Central to the D~era:ion of any commanications network

s he set of ins-::ctions whi:h dirc-ts the exchanle of

network infr ioreoetween n oes. These inst='ictions may

13



be implemented in hardware or software and are referred to

as Network Protocols. The information contained in messages

generated by these protocols is used by the communications

network to implement the roatila of user message triffic

within the network. Network Protocols are commonly divided

irrc several hierirchical levels according to their

particular function within the aetwork. For instance, the

International Standirds 2rganizition adopted a "Reference

Model of Open System Interconaaction" (IS3) which consists

of seven layers of protocol. The diff rent layers as

described by Tanenbaiz (Ref. 1]t are; physical layer, data

link layer, network layer, traasport layer, session liyer,

presentation layer id applization layer. Heritsch ,in

Reference ( 21, addresses three levels of protocol which are

of concern in studyiig Distributed Routing Protocols. Five

of these layers ace incorporated into the three protocol

levels discussed by Heritsch. rhe in-erzelation of these

levels and layers is :resented i the following pa:ga-phs.

Two layers, the session liyer an! the appif.zazion laye-, a-.-r

no- considered since they az- not present in the the test

networks use! in this study.



The lowest level of protocoiL .is called the Node-to-Node

protocol and consists of those instructions necessary to

ascertain and verify that a usable coamunications path

exists between any two adjacent nodes. This level is a

combination of the paysical layec and the data link layer of

the ISO and serves to establish the physical exchange of

data between nodes. In addition the Nola to Node protocol

specifies the "handsi±ake" and "acknowledgement" processes

which are required whenever messages transi-t between two

neighboring nodes. (The term "neighboriag nodes" implies

that a direct two way communirations path exists between

adjacent nodes. Suzh a path is referred to as a "link".)

1f the computer sof::ware within the node is configu:d to

mcnito: the transmission n d raceipt of Node to Node

Protocol me ssages, then the continuing func-ion of verifying

tha a usable link exists cin be acconplished without

another form of orotocol message being entersd into the

network.

The next level )f protocDl is 'he Itwork Management

Protocol which corresponds da-.ztly to :-z network .ae: of

the ISO and exchanges all the n-formation necessary fir the

ncdes -o make CezC13.ons as to) which -oul-.e each --ssaoe

1r



originated by or relayed by the node should travel enroute

to its destination. There are s.veral different concepts of

Network Management protocol. Since if the amount of

Network Management traffic is large there is less residual

capacity in the network fDr the transmission of user

generated traffic, it is essential to establish an

understanding of th.e portion of to-a! network capacity

required to ixplement a given 4.twork Maaagement ProDcol.

This study is -oncerned dith developing such In

understanding for the Network lanagement Protocol proposed

by Heritsch [Ref. 2].

-he final level of proto:ol is the User Ser vice

ProtoCol. This lev.l is e uvaien- to the prese n-:ation

layer of the ISO. As the nime implies, -his level is

concerned with the int.erface between the user ani the

communications network. Functions accomplished by -his

protocol level may i aclude -ti automa-ic breakdown of- user

messages into "packets", attaching accountiag numbers -: the

messages an- reieasing rc recs.ving messages into and from

the network. At this level, tiaeofFs made between ne.twork

.=ansparency and th- rsguiz.i aser intractioa with the

ne-wcrk are most appa ent.



C. DISTRIBUTED OUTING PROTO3LS

The singular feature whizh distinguishes a picket

switching ccmmunicitions network from other communications

networks is the rapickaging of user messages into smaller

fixed length "packet s", eiah of which can be treated

separately by the network. Xn advantage of using fixed

length packets is that the network can seek to transmit

packets via routes waich curcently have the fewest number of

packets flowing throagh them. Since all packets are the

same length a simple count of the number of packets waiting

in queue for a specific link is a measure of the delivery

delay a packet traveling that :oute would experience. The

packet swi tching network i-tmpts to minimize the delay time

by routing packets over links which have the fewest number

of packets active within then. It is desirable to use

Distributed Routing Protocols in packet switching nenworks

to decide which routes are shoctest.

Distributed Routing Protocols are sets of instructions

utiI-zed by the network tialtermine Dn ha basis of

infc mation exchaagl with its neighbors which path -ach

packet should take from - originating ncde to its

destination node. 3is-ributel Routinq Pro-ocols may be

e-.er synchronous or asynch-DnDus in design.

17
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Synchronous Distributed Routing Protocols cause all

nodes within the network to change their routing

instructions simultia:eously a-d at periodic intervals.

Asynchronous Distributed qouting Protocols permit the nodes

to adopt new routing instructions independently whenever the

node finds a path to the destination node which is shorter

than the path it hid previously been using.

This study examLaes th9 Distributed Routing Protocol

proposed by Heritsch, (Ref. 2], determining its performance

in both the synchronous and asy,zhronous forms and comparing

its performance to the centralized routing protocol based

upon the Djikstra shortest distince algorithm (Ref. 3]. The

protocols are examiaed using a computer simulation which

uses several diff_,reant netw:-s and several levels of

network message loading to provi-. an indication of protocol

performance under a iariecy of conditions.

r



I I. A NAVAL IPPLICATIONf

The concept of packet switching offers several

advantages to users who require high data rate transmission

AR capability and a robust communa.Jtions network through which

large volumes of message traffiz must pass. In parti-cular

the requirements of the Navy Tactical Data System (NTDS)

I might in the future be met utilizing a packet switching

network.

NTDS is a computer based tactical information display

and decision system .NTDS information is exchanged bstween

* rt of the fleet via a radio -frequency digital

communications network. (The term "fleet" iJs used hers in.

its broadest sense iad 3iav iazlude such diverse units as

ships ,all types of aircraft -and troops ashore.) In i ts

pre-sent form, the NTTDS utilizes a centralized communicat ions

network with a a at contr~l St6ati-ona (master- node)

*coordinazting the ex:chaiqge of information between. units ofr

-h e fl et. Part ici-patingq fleet units (nodes) which'.* have

a-rzct links with ths originatiag node (ie. are within ridio

* reception range) ra~eive tha transmitted message. MIodes

whicha are beyond the radio transmissi-on r ange must rel.y on

retr-ZAnsmisior 0f t.he informati-o, by a -ode which 1-s

19



directly linked to a sending node. Nodes which retransmit

messages may be thought of as sub level master nodes and

their loss may deprive outlyiag nodes of information and

direct ion.

In contrast, the packet switching concept offiers a

distributed communications network to support the

information and coordination requirements of a widely

dispersed fleet. By amp!oying a Distributed Routing

Protocol, a packet 3witcnin; aetwork can achieve increased

network robustness by decentralizing the control of the

network and seeking to optimize the rout.ing of each message

entered intc the neatork. An RTDS participant would enter

informat.ion -nto ta communizition network addressed to

other NTDS participants as reguired. Upon entry the

information would be reforiatted into "packets" and

transmitted along the best path to the destinatioa nodes.

Since all nodes ar _ constantly "updating" their status and

the status of -pheir conn.cti.g links to other nodes in the

ne-work, the bes- path betwr.en any two nodes can be

autonomoUsly and continuously de:ermined oy each individua.

node using the network's 3istri°uted Rou:ia. Prctocol. The

ess o-f nodes or 1-gradation 9-f links within the nt work

2)



becomes known to all aodes and best paths aLn be reevaluated

( such that the network can continue to pass messages as long

as possible. This feature of a packet switching network

derives not from the physical addition of links between

nodes but from considering of iIl nodes and links within the

ne-work as Potential transaissi a paths to any other node in

qthe network.

An important result of the packet switching concept is

its ability to automatically relay msssages to nodes which

are beyond the radiD reception range of the sending node.

Since the sending node provides the destination addresses at

the time of message transmission, the network can assume

responsibility for delivery of the message rather than the

ccr.ventiona! method of 6roilzasting a message and

maintaining the r.:eiving 1±des wth in drect radio

reception range. r his capability wouil allow widely

dispersed nodes to 4eajoy the iLformaticn and coordina-:on

advantages of the 1?IDS without -:he burden of additional

:adio ciru-its. Addiltionally, the packet sw-zchir.a concepm

is adaptable to a variety of Anti-Jan (AJ) an! Low

Probability of interzapt (LPI Zommunications schemes Which

are under study or Ievelopment oy :he Depactment of De-ense.

21



In particular, packet switchin; is ideally suited for use

with several spread spectrum communication schemes.

Conceptually, the most difficult problem to be overcome

in the deployment of packet switching networks afloat is the

mutual interference which two nodes transmitting

simultaneously in the same f.-giancy band might cause at the

receiving ncde. This difficulty could be overcome using a

"carrier sense" or a "lisren before transmit" approach in

the transmitter/receiver design and employing a signalling

scheme which permits the rece.ivr to "lock up" on the first

siqnal received to the exclusion of all other signals.

Conceivably, 'units could ope.ate at slightly diff rent

ca7r-e f -quencies and the receivers wculd automatizally

shift their intermediate frequency sections to "lock up" on

the sending unit's crrier. latuai interference effects can

also be ameioratel by use f wide-band psuedo-noise

transmissions using aacorrelated keystreams.

It is with the Dossibiliy in minI, that the oacket

switching concept could imprcve the usability and

Ssurvivability of NTD3, that this study was undertaken. To

this end a set of generalized network conrfigurations were

developed so that seversai perfornance chazacter-s-cs -f -h=

22
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packet suvitching conzsnt coull be determinad. The specifics

( of the networks are uiaied ia 'Chapter III.

23



III. PARAMETERS OF A PA1:KET SWITCHING NETWORK

A. QUANTIFYING PROT3)OL PERFORMANCE

Critical to letearmining t: a relative performance of

dIfferent routing protocols 3perating within a packet

swi-tching network, is the latermination of an expression

(mathematical or other Wi4Se1) i ch provi des an unbiasei! and

mear.ingful basis for comparison. In this study the average

delay time in delivering a pazket+ (Tp i s used as one

measurement of protocol performance. Aaother measure of

performance used is the atilization facto-r of the

ne twor k (p).- A mathematical derivation of the

IT inter-relatilon of these %69rms, based upoa gueueirg theory,

is presented inAppenlix 1.

The average tlza delay perc packet, (Tp) has the

advantage of relating network zongestion to: naetwork loainig

r. terms of delay time, wh-i=h isz ulti-mately Inhe most

meaningful statistic to the natwork users. The utilizat-ion

factor proviaes a measure off thie fracticr. 7: --he c-apacity-, of

t-he network which is required to transmit use.:- messages

(packets) or network management messages (updatss) gi-ven

sp:ci fied network 3Lnd1 traffic loadingq fcr the ne-:wcrk. Both

of t:hese measuras ars a f' ftsd by zsevsra 1' hs i cal

I2



parameters of the network. For instance the processing time

within a node for a packet adis delay time to the picket

which is proportional only to the number of nod;s traversed

by the message route, hence independent of the routing

protocol in use. On the other hand, if a packet must wait

in a queue for an uIate to be transmitted on a link then

qthe incurrEd delay is of int-rest because it represents

in1erference by network manigement traffic with the

transmission of user message traffic. P discussion of the

various network parameters ind -heir impact on the

comparison measures, average Ielay per packet and uplate

utilization factor, Ls presental in the next section.

B. NETWORK CONFIGURAr IONS

In order to easare that the performanza measures Tp "

and 'ID" obtained f:.om the sinulation of the network are

accurate, it is necessary tD determine which physical

characteri stics of the network effect the measuzes of

protocol performance. By fixing these zharac--:rsti-s as

ccnstants for all taC nr-works inder consideration, it is

* possible to obtaia measures of perforaanze which are

r spresn-ta.ive cf the orotocol'3 performaace in networks of

vay ing comp.exity and traff4 loading :onlitions. The

25
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network characteristics which ware deemel to be significant

U and the values assigaed to then are listed in Table I and

are discussed in the paragraphs that follow.

TABLE I

Significalit Network Characteristics

Parameter VauS

packet transmission time fo: any link 0.05 sec.

packet processing time in tay node 0.0001 sec.

update transmission time fo: any node 0.02 sec.

update processing time in any node 0.00001 sec.

update cycle tim a 0.2 -s.
update channel vilue :alculation window 0.5 sec.

( number of nodes in th e- etwork var-able

.number cf !ink3 i th:- netwdrk va_-i-i

average number of packe-.s par user message variabl.e

average number of user messages per .z4 variabIe

simulation run time 30 sec.

The -acket transmission tim_= is relate to the =nq-Tn of

t - oacket and the -ata transpission caoaz---:y of -h link

ovCer which it is to :zavel. -: this S-:ady onlv two :Vp.s

off messages (uldatz-s and ise: u::=sages) -are :llcwd-o _n-

the links. Osez mc-s-sages a-a iub-liv-led i- - o a c Y.-s -it Lch

are :xed n sie- b: 2.5 times Ionr:- :nan a-n iD a-e
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message. In this wiy the length of an update is made to be

small compared to the length 3f the packet. This action

appears reasonable in view of the significantly smaller

infcrma-ion content in an uplite versus a packet. The

relative length of the the updates is also important to the

performance of the distributal routing algorithm when

computing channel valaes which i:r. discussad in section C of

this chapter. The time of 3.35 seconds selcted for the

transmission time oE a packet, is equivalent to a nacket

length of 800 bits transmittad over a link with a capacity

of 16,000 bits per sazond. 1!te"rna.ively, it equates to a

120 bit oackat transaitted ova: a link tith a capacity of

2,400 bits e: seconl.

The time requirel to p-oc~s3 a packet within a nole was

arbi-z.arly chosen to be 0.0)91 second aad zhe procsssing

ime for an updat - its set 6o be one tenth of the oaok-t

proc _ssinq tine. rh is ?ssin en - also appears reasonable
sice. n processin; a pacKit -ach nola. must real tht

coplete adress s-c:'on_ :' ez n.acke-: ro e-ermine o)nwa=d

-outin; if requireI ind p:eoar9  a n ew Wr_-s sectiDn for

each packet which .s re-zsmatte. On -a e ter .an:, n

update -essaqe corn-,i: ns :rl a i -ivel sm a amourt of

'7



information which is eithaer dis:arded or stored and relayed

I as required.

The update cycle time reocesents the frequency with

whi-ch the network establIshes a new best path for routing

packets. An asyncaronously 3perating protocol does not

implement best paths simultaneously throughout the nitwork

qbut rather each node i mplements a new best path immediately

upon determining -.hat a new best path exists. However, if a

distributed routing algorithm is implemented syachronously,

iT is necessary for the update miessage to have reached all

-the destinations before a new ?:outina scheme_ is 4stablished

;n the network. Al update zycle consizts o w qa

lergt h time periLods. During the fi-rst perifod nodes generate

the required update messagss, w-hich receive transmis sicn

p7r-*ority over packets. Durinag the sazond period nodes

rreceC.ve and relay uplate messages as required. Nodes are

restricted from generating update messages udu=inq the secorda

hal-f of -he update zycle inorder -:o alo:w the updates to

su.fis. throuchout :ae asrwor . if :hez nodes were an

average of 16.4 kilometers (1) miills) patand a maximum of

5 relays w%?r:e regiir'ed for: each update o rach_' the

'I e s:n a t_4Cn n Cde ~o -t d -*s a n - f: ::, to en the Maximum time
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required for an updite to reach its destination can be

(7 computed as

time required = travel time + processia time

+ transmission time

which becomes

1S.4 km
t = 5 *---- ----- -+ 5 • 0.00001 + 5 * 0.002

3 * 10**5 km /s=

or

. t = .029 sec.

which is well within the avail-ible 0.1 sezonds. Note that

this result implies that for ?PDlications where the nodes

are close (in zelation to signal travel time) then the

prcpoqation time i3 iinsinifiza:z. compa:ed 'o -he time

L:eoui:ed to proces s 1. update through a node. By choosing

an update cycle time of 9.2 secoai the network

configurations use L n the 3i4mu'ation could be consiaered

represa-n-ative of real world networks whiori have :cnger link

lengths and/or a gr-- at:er numbe: of :elavs -equired for "he

* delivery of an update mzssage.

_t Is the comt7 of :ha network which has the Most

po-en-i~i fcr impaz--ag 0n the Derformancz 3f a Disnriouned

ri



Routing Protocol, ani it is therefore important to consider

how the topology of the network interacts with the protocol.

The number of nodes in a netwDrk determines the numbe: of

update messages which must be generated luring each tipdate

cycle, which translites into ia increasiag requirement for

network capacity to pass updatas as the number of nodes

increases. This _salts in less network capacity available

for -the transmission of user messages. rhe number of links

in a network is also important since it determines the

capacity of the network both for message aad update traffic.

Traffic loading is another network parameter which may

affect the perforiance of a Di-ributed Routing Pro-:ocol.

For a packet switzhing network the -raffic loading is

cont-ollel by three factors, the number of user messages

entering the network per unit time and the length of the

messages and the listcibutioa of the oriainator and

destination addresses of each nessage. Since essaces are

deccmposed into fixel length packets, this last facto: is

:'e same as the number of packsts in a user message.

:n a real worl! network each of -hese parame-trs is

random and It- is conmon i: eueing theory lo assign a

aitributio no na frequen:y with whi:h messages are

30



entered into the network and the number of packets into

which a message is leconposed in terms of a probabil'-ty

distribution. It is often issumed that generation of

messages into a netwDok can be cepresented by an exponential

distribution and that the number of packets in a message can

be represented as aa-iform distribution. Two mean values

of packet distribution were used in this study (5.5 and 10.5

packets per messag) so that t, a effect3, if any, of the

length of the messages on the ?erformance of the protocols

could be determined.

A final factor ich may affect the performance of a

Diztribu-ed Routing Protocol is the simul__tion r'ar. time. If

the complete n.stwo_- is zonsiderad to be a syst.em and -he

rst message into tile system "- viewed as an impulse " nput

_n-o the system then it is clear that the system will

undergo some period of t: anst ion between the dormant

condition (in. no inputs) aI its equilibrium opera ting

state. The length of this transi ion phase -an be

de:er.ined mathemat--.ally fLr t- orobaba is,.ic case of a

ccmmunications network only wi- lifficulty. However, by

observinC the results of the networK sImu tion a1 :t r

several aiff1.rent s nulation :an times i- was dermned
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that a run time of 33 seconds illowed the transition phase

( to be completed and provided a period of steady s-ate

operation long enough so that meaningful data could be

taken.

A total of four aetworks were generated for use in this

study. A diagram of each network is provid.e-d in Appendix B.

The number of nodes ia eazh network varied between 5 and 20

and the number of links varied between 10 and 40. To reduce

distortion cf the simulation results whirh could be caused

by different network topologies, a base network Cf 5 nodes

and 10 links was adopted. By expanding the base network in

a consistent manner, valid comparisons between the

perfcrmance of a protocol and network cpmplexiry could be

drawn. more compiex networks were crea-e by expanding the

link/node structur . ot: -the base network. The chosen base

n-work is illustrated in Figure 3.1 and consists of Ifve

nodes and ten links.

To provide a :onvenient ne:!-cd of referencing -he

nenworks -.he notation "5/13" his been _adoo-ed -_: denote a 5

node and 10 link netwvrk. The 5/10 network was expanled In

tc a 10/20 ne-work oy adding an addi-ior.l 5 nodes in1 10

links. . _ milariy, i 15/30 in! 20/u) network we-e 3e-ived.
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Fig. 3.1. The 5/1M Network.

N ot e t h a each succeedin;g network contaias the preceediing

ned-work.

C. CHANNEL VALUES

As .lscribed ia 34ctior 3 :f this chapter, --he channel

va'ues ("l-1ink distanzes" i*;n saz:e rite:raturf) are- computed

lurin*rg the updatew tn dov w ine - a nd zeuresent :the cu:rent

d~emand for a paztic--aar link's servIces as a relay pa-th.

The channel value also ra;)resri:-s a prediction cf the '!.emand

or. a p:t cular ILink during - ~ upcomnirg iPQAn'e cycle. ey

usir.q these channel values t i-'s possibla to letezmine a

pah between any n w nodes 4t.:ch wi1lk- ha ve the lowest

cumula-ive charnel. vilue (Le. t-i: best paz.h lur-_ng th., nesxt

uvdate cycle). t r- _4Z, c'cio 1: th di:S t riaut e d
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routing protocol to generate, transmit and evaluate the

channel values and establish best paths within the network.

To accomplish this task the protocol generates update

messages which contaia channel value inforzation. The exact

content, method of relay and method of evaluating the update

message iS unique to each protozol.

The- method of .aerating :hannel values for both the

Her itsch and Djikst.a algorithas as implemented in this

study is identical, and a complete description can be found

Ir Heritsch (Ref. 2]. In short, the channel value

represents tha average number of packets waiting in the

queue to be transmitted over the link during the preceding

0.5 second of simulation tim-.
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IV. TW3 DISTRBJ~TgD ROUTING PROTOCOLS

A. THE HERITSCH ALG3RITHM

Heritsch proposal in Reference (2], a Distributed

Rcuting Prctocol whizh seeks to minimize the number of

update messages regaired tD be circulated througout a

ne-work during a single update zycle. Update messages in

the Heritsch algorithm contain three items of information:

the node which just relayed the update, the node which

originated the update and the cummulative channel value

from the ncde which just razeived the update to the node

which oriainated the update, through the node which relayed

the update. Thus eazh node r9e:eiving an update can compare

the cummulative chaniael value through the relaying node to

th.e cummulative channel value of the path over which in is

currently passing azkets to the ncde which originated the

Update. if the new zhanne. value in the most recent ap'!a-e

is iess, a new best path to the node which originated the

update is adopted -hr:ugh the rDie which :slayed the uo.ate.

In any event, the a de which just received the update now

generates an update nessage t all of it neighbor nodes

(less -he node which relayei the update that sta-rt-d it

all, and informs a 1I -e icTIhbcrin a zes cf -he new

35



cummulative channel value. rhase nodes in turn repeat the

process of evaluting the information contaied in the

update, establishing new best paths if the minimum

cummulative channel value chaages.

If no new best path is adopted and the channel value

through the current best path has not changed, the node

discards the update without :laying the information :

contained. Since n!es which ire "upstream" from the node

which received the update do aot change their best paths

unless the best path "downstream" changes, there is no

reason to relay the update further through the network.

Note that even if a new bkst oath is not adopted but the
o(

channel value changes over the current best path, this

iformation must be relayed "upstream" sia:e :. may affect

the best path decisions of "upstream" aodes. What is

significant is that the algorithm purges update messages

from the network at the firso opportunity and thus _e_!ases

charnel capacity to t~e netwo)rk for the relay of backe-s.

The disadvanage of the algorithm Is that it ioss .,-t

guarantee optimum routing for eich packet released into the

network. re is possible fo. a packet to loop through

several nodes before being iealverei to its :'nil
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destination. This looping is the result of a packet

( following a best path which i3 =hanged more than once during

the transit of the pizket through the network.

The basic algorithm as stated above is substantially

identical to the routing procelare origiaally used in the

ARPANET. The major innovation proposed by Heritsch is that

the number of update messages :squired in a given network

could be reduced if the network was subdivided into nodal

colonies which are called groups and families. A group can

be defined as a collection of nodes and a family is a

collection of groups. By treating the groups and families

of nodes as "super nodes" it may be possible to

significantly reduce the number of update messages zsquired

to implement -he protocol. r~iis reduction is accomplished

by restricting the propagation of the update message to the

basic grouD or the nole which originates the update. 1odes

which are connected to other groups or families originate

updates which reflezt the cummullative channel values from

that node into the n-ighboring _a- iy or group. Th- :sult

is tha- all nodes jithin a b asi: group 7an dntermlnq the

best path to any oth: grouo or family and aze not reulr d

to determine best pa-hs to al other nodes _n -he network.
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Thus a packet generated in one group would travel the best

path to the destinition groap and once it reachs the

destination group rez.ive onward routing to the destination

node.

The Heritsch al gorithm aay be implemented either

synchronously or asynchronously in a packet switching

netwcrk. Since the algorithm allows each node to

autonomously determine new best paths it is possiblq to

impemen. new best paths whea-ver an update is received

ra-her than adopting best paths in synchronism with all the

other nodes in the aatwock. rhe only constraints to the

aigcrithm are that update messiae generation be restrained

tc a Aixed time int__rva! so that update messages are able to

reach their "final"'  estIn atons bsfo:e a new uodate

generation cyz:e starts.

A comparison :f the algorithm's pezformance when

"mDiemented both synchronously and asynchronously in

den-ical networks was a:complished as part of :his study.

o1._6 . d- r.n: e a. found tw axist in th

performance of the pcrotccol unda- -:he two implemer _aIons.

From the view o:) nt of nt work _-Dis-n ess, it is

desirable to implanent te lgoritha asynchronou sly.
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However, for purposes of zomparison with the D jikstra

algorithm, (which :-n only be implemented synchronously),

the Heritsch algorithi was rest.icted to the its synchronous

implementat ion.

B. THE DJIKSTRA ALGORITHM

The algcrithm proposed by E. Djikstri in Referenze (3]

is ised in the current ARPNE" routing protocol, which

requires that each aode within the network receive the

channel value for each link in the network before a new best

pa-th is letermined. T6e prtoccl causes each node to

generate an update which contains the channel value from the

originating node t each 3f the oinating noda's

ne-ghbors. The ia:i is forwarded -o ach node in the

netwozk and each aoie enters the received channel values

into a matrix which is manipulated in such a way that a best

path is prcduced fr n each node to each 3the: node in the

network. The Djikstra algorithm may also be adapted to

utili..ze the group an! family _zheme orop.sed by Heritsch.

AL examination of thea Djikst-ra agorithm's performance using

a group and/or family configursd network ias not conducted

as a part of this staly.
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Th inficant iiffarences between the two prot:ocols

(are the number of update messages required to implement each

protocol a nd the I uali t y" f the bsst path which is

determined by each algorithm. The Djikstra algorithm

provides an optimum 4uasi-stati-c best- path for each Dacket

released into the network. That is to say, each node ir

t-irr routes the message to the next relay node along the

best oat h i;n accorlaaze with the Dji-kstra aLgorithtlm wh-'c.h is

guarantee9d to produce a minimum distance crute. SiJ6Mil arly ,

-n the Her.&-sch algorithm each packet is addressed to the

next node along its astimated 39st path, but there is no

guarante e t hat 't h is a sit.;mate-d path is laaeed the o Pt1-ium

pat-h. With regard to the number of upda--a messages requir=ei

by each alaorit hm, at first gLaalc? it would appear that the

Dji-kst:7a network rsgaires an. inordinat-e amount of n--t work

capacity to pass updat-es throug~i the network. The situat--on

~s not thi-s bad howsve:, s-:c uapdate messages which woull

travel along the same best path, to thei-r ::tiaio an be

co mb in e d to -reduce t he total nimber Dz' update messages

47l Ue' ured.

The m at: -*x ia-I; ou I--ti-o I required by t hes Di k 3ra

aqo:tnmto ietermi-na -ti- best Dat-s .s iS-z.omplishei n h



following manner. rf the 5/7 aetwork illustrated in Figure

4.1 is considered 13 an example then the channel values

between adjoining nodes may be represented by the symbols 7>

or <5, where the arrowhead indicates the direction of the

charnel value and the number inlicates soae relative measure

of the channel values as they might appear az -he start of

any update cycle.

Fig. 4.1. k 3/7 Network

From -_hs network te Ia::ix tn Figure 4.2 is corsz:':-ed.

No-e -ha- nodes wain' have nD i:ecn link between them t-

intiaiir representel a- -he stLat of evecry cycle as h ving

an infinite channel vi.,e be-ween them.

3eqinning with noie A, observs that a ii:ect link zcists

w i-h de 3 and tha- -he chann. vi a e : node A -o -ale

L4
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Fm A B C D E

A - 4 2 1

B 1 - 6 0 3

C oC 3 - 0o 5

D 2 00 o - 3

E 5 2 1 4 -

Figure 4.2. Initial Channel Valme Matrix For The Djikstra

&lgoriths.

Is 4 (the notation A/B/4 will be used as a convenient

description of the path and its zhannel value). Next zvery

other path in ":he network Erom node A to node 3 is

considered :n turn t3 deternine if a cummulative annel

value lass than 4 aaa be found. First the A/C/ + :/B/3

path is considered which rqpr-sents a path from node A

thrcugh node - to node B. Clei_-y the result of this path,

A/C/B/ba , is greiter!- -han ths A/B/4 path and so a new best

pa-h through node = is rejec-ed. Next the A/D/2 + 3/BA =

A/D/B/C oath is co 3iderd and -a'so rejer-.ed as a new best

Spa-h. Finally, tae path A/E/1 + E/B/2 = A/E/B/3 is

considered and adoptel as the t.antative new bes- path from

node A to nole B siace -he resultant zrimula-ive channsl

value cf 3 is !ess ".ain the oevi'c,is vale af I.
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Similarly the zhinnel values from nole B to each o-ther

node are cofisidered ind tentative best paths established.

When all paths between nodes -f the network are evaluated

and tentative best oiths established (ie. --he matrix is run

through completely one time) tie entire process is repeated

until a run through the matciK is compl.ted with no new

tentative best path idopted. When -hi-- occurs the best

oaths within the matrix ire al-pted simultaneously by all

nodes of the ner-work for the luration of the next update

cycle and represent the optimum paths between nodes.

To

Fm A B C D E

A - 3 2 2 1

B 1 - 3 3 2

C 4 3 - 6 5

D 2 5 4 - 3

E 3 2 1 4 -

Fig. 4.3. Ihe Completed Best Path Matrix

Th f inal result of the natrix manipulation f-: -he

'ipdate cycle consi =:e= in : si exampie is shown in Figur_

4.3.
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V. SVIULATION OF 1!Hv PROTOCDLS

A. PROGRAMI~tNG SCHEME

The simulation programs usal In the study were written

in the SIMSCEIPT 11.5 prograummirg language [Ref. 4]1. This

language prcvides a~i excallent vehicle for simulation work

_n. which 3any eveats may occair almost simultaneously. I:1

addit:i on, the ability to control the flow of the simulationm

by utilizing a language ganaratei simulation clock, pro)vi-des

-. the usezr with a means of obtaiaiqg data fcom the simulati:on

at various times without ragarl for the events being

processed.

Three simulatioa programs wer.-e davsJloped from -th e

prc-gram presented by de ritsch i-:i reeec £21 The zh~ee

programs are list.ed it --he sai of this scudy and :ep!:=sernt

an asynchronous imp!i=aentation :)f the Heritsch algorithm, a

synchronous i-mo)lementition of :hze Heri- sch algo=Ji-hm and a

*synchronous implemantation of tace Djik',szr!L algozithm. Th -

Drogram Lisit-g 1")r 6th e synza::n r.us i-mplamentatifor Of the-

:ir-sch algorihm L.s orov4iade _n AppendIx C. Each

simula-_ion Is cons-traited inmoiules which orsc t

different fu nc i o ns wh-Izh th netw~ork a-d zoh a :Iin

0r ')t 3col IMi.st Pe(rrCor:)M. 2:~aoe ~ac S -nu 1 3ix.



contains individual subroutines for the generation of

U updates, arrival )f packets within a node and the

computation of channel values. A listing of all the arrays

used within the programs is provided in Appendix D to assist

in tracing the functional composition of the programs. The

parameters of the network under consideration are externally

input into the simulation as i lata set which is read by the

source code during the execution of the simulation.

sample of an input dita set is listed in Appendix E.

* The results of the simulations can be output in several

formats. The most extensive output available is a complete'

ist-ng of eve.ry eveat cc-uriaq during the_ simulation. I-

is possible to limit the output to only the desired data by

specifying the desired results In the "Special Output"

subroutine of each o)ogrim. rhe simulation programs also

feature the ability to make any number of simulation runs

with various input 1)me- _ ats during a single job

submission. in addition, tha results of tne simulatinn can

be divert-d to either mass storage periphecal Ic-icss or the

normal printer output or both. A sample of the )u-tout

f-mat used for this study is D:-ovided in Appendix E.
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The implementation of the packet switching network is

identical in all the simulation programs. Each link within

the network is "configured" to have two input queues (a

packet queue and an update queue). No queues are

constructed for the input sid. of each node. Nodes are

required to give priority to the transmission of updates

over packets as would be requiced in a real world network.

Update messages are generated only during the first half of

the update cycle. The precise time at which each node

I generates its update message is uniformly distributed

thrcughout the first half of the update cycle. User

messaqes are generated into ttae network at time intervals(
which are exponenti-Ily distribited. The originating node

and destination nole of the mssage Bad the number of

packets in the message are determined ising uniformly

dinsr:ibuted random variables. The destination node Cf a

user message can be :onstrai-ned to be outside the

criginating node's group and/or family in orer to insure

that a specified :); rcantage f -the ust?: messFqez arg

destined for other groups and/oc famiiies.
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B. ARTIFICIALITIES 3F THE SIMULATION PROGRAM

(Several artificialities were introduced into the

simulation programs in order to reduce computer run time and

program complexity. The most significant of these i-s the

assumption that each aode has -i processor dedicated to each

li4-k enteri-ng the node. This implies that the node can

simultaneously receive and proc-ess inputs on all of its

links. While the zapability off parallel processing is

desiLrable in a packet switching network, iis no t a

requizement and 3ay be :aplaced by employ-ig a

"li-sten-before-trarsiit"1 a.nd "zveloku node design,

4 r which each ncde can commun-::ata wit+h only one other node

at a time. In either case ths maximum throughput of: any

node is considered to: be detariined by the output capacity

of" 'he node and not its inaput =-toacity. Thus the absenze of

input queues --r the si1mula.tion is considered reasonable

The sioulation ilso does not consi!.r -:h,? nenwo~k

capacit-y wh dch is =aciu~red to implement the Nods to Noe

?Protocolf which is v:al to the D sr a:o o c: a packe-:

4wit1-chizig network. rhe capazitv requirel to ca::y lhze Node;

to Nod proto)-06.0Col ne ssaqeS -9 rslatively _ n si'gniLfi-c a n t

compared to th a regu-_rec1 fo r -oLda t ind 01 ckst
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transmissions. Sinze this stuly is concerned only with the

performance of the routi.ig protocol, the network capacity

required by the Node to Node Protocol is disregarded.

C. LIMITATIONS OF THE SIMULATION PROGRAM

The detailed results of the simulations depend

substantially on the "seed" numbers which are used to

q initialize the randoz number streams generated internal to

the SIMSCRIPT language. Since the random number streams are

used to determine the origination node, destination node,

time of message origination ia! the number of packets in a

message, the simulation will provide somewhat different

( results for the same input parameters if different "seed"

numbers are used. The vari--bility of a pat-_cular result

frcm the average r-salt computed from several different runs

of -:he simulation using the same Inputs but diffe re.t

"seeds", was empici-illy deerinined to be on th. order of 5

pe.cen - of -he averag? result. Thus, although the graphical

results of the stmiulations (kppendix F) appear -o be

discontinuous in natare as tha input parameters are chanaed,

expected th:t these p--rturbations ars due t. he

"randomness" of the _. mulatioa. If a Sufficient numba - of

simula'ion runs were made or :-ah data point, the average
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of these points would be expected to result in a "smoother"

Ccurve.

D. GENERATION OF DArA

A total of twelve different simulation runs were

required to produze the resuls presented in this study.

The physical parametars of ths networks and the netwo:k

ioadings were selcted t3 repr_=sent the most critical and

interesting aspects of the iateractior. between the network

and the routing prztz:ol in use. The Heritsch algorithm was

synchronously implemented on fDur networks (5/10, 10/20,

15/30 and 20/40) ani asynhrDn)us!y on twz networks (13/20

( ard 15/30). Ths algo-ithn was also synchroncus.y

_Mplementad on -.he 10/20 and 15/30 networks, witn the

networks diviied _iJt 2 groups .f 5 rodes and 3 groups Df 5

nodes respectively, to investiga-e the capacity requi-s no

iMplement the algorithm in a multiple gr:u;/famiJy ne-tw'rk.

Lastly, the Djikscra algorithm was implem=rted or rhe 5/10,

10/20, 15/3C and 20/13 networks.

The graphs of che data z~na-ied in Appe r.ix I were

derived from the data obtained fr: -hesp twslv, iula-i.

runs and are presented 'n two fczms. f firs- qreup tf

twel.ve graphs illastra-es f: : ach ne-work and each

I

I i W i ..



algorithm, the average delivry delay per packet versus the

( loading of the network. The second group of twelve graphs

shows the packet and update atilization factors versus the

network loading for each algorithm and eazh network. The

interpretation of the data p esented ia the graphs is

provided in Chapter 71.

L
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VI. RESULTS AND CONCLUSIONS.(

A. RESULTS
1. QCo._ rison of Average Deliver Del_

The average 1elivery ictay for a packet (Tp ), was

computed using Equation (A-121 from Appendix A. This

equation uses the measured atilization factors for updates

and packets (p, and Pp ) and i specif4er network loading

(g) to compute Te . Althugh the equation does not

prcvide an absolute measure of the protocol's performance it

:S useful in comparing the relative performance of the

Djikstra algorithm the Heritsch algorithm.

Theoretically, rp should in:-ease dramatically as the

network loading begins to app-oach the network capacity.

Figure 6.1 illustrates the g.asral form of the expected

Tp versus g results. rhis eKoected r-sult reflects the

obvious conclusion that -_he d_1!very delay experienced by a

packet must increase w-.:hour bound when more packets are

entering the network per secor., on the averace, :ha. ca be

delivered by the network n a sa:ond.

From the simalat ion :sil:s contain.ed in Appeniix F,

s concluded that a packet switching network eitp!oying

-he Djikstra algoritam has lass averace lelay pcr packet
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than an identical natwork under identical loading w hich

(employs the Heri4ts:zh algorithm. Further, a network which

employs the Djikstra algorithm is capable of accepting a

wider range of network lciding coDnditions before the average

deliLvery delay per packet increases dramatically.

Delay

Network loading p 1.0

Fig. 6.1. Expected Average Delay Per Packet

The simulatio-a rssul :s ::r.ta.;.ed --a the fIrst twelve

graphs Of AppendJi.X F present two measures of the av-erage

delay psr packet. ins zurve 3n each graph =epresen:s the

:esuits of 2guatiJon (A-12) ia the o-,he: reorsse-ts the

averaqe: actual delay per oazk-=: whi-ch was compu-.ed using

measuzed data from the siLulzi:r as follows.



It

t
( P (6-1)

where

M the average deLay per packet (measured)
p

t =the sum ti4me required to transit the
t neworkof al p4ckets which reach

thei.r fi nal is iration)r

qk =the ot4 l numbec rOf1 gaqkets Qr~iaeurn the--m ton wsl rgiaced
their final destination.

Equation (6-11 provides a much different result for

thre average delay pec packet thin does Equation (A-12), and

both of these methods of predicting the protocol performance

are subject to considerable inaccuracy as discussed in the

followinrg paragraphs.

As noted in kpper.dix A, Equation (A-12) was dsrived

-from queuesing theory results which apply to ne-tworks wit:h a

fi-xed routing and -an expo)nen::al service time distribat ion.

Si-nce the networks under st:udy aave a dynamnic 7:out:_-nq scheme

anrd a fi4-xe d ser viz e time, the direct tr:ansfer of

ma- .hmatical analysis frcm one ipplica-tor. zo oh ths: has

4questionable validity. Adding to this uncrztaintv is the

picrity handling ofupdarz nessagss ani -:h, I' : shorter-.

C-rv~cs t-* MP, wr~ was fa :t ::ed --: he driva:~on
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present:ed in Appendixc A. Finally, some error in the results

( of the equation is expected lua to the method-of measuring

the uti.lization factorCs. Sinze it was desirable to avoid

including the transient effects of initial network start-up,

the measurement of t~ie utilzation factor for each link was

limited to the Last half of thm- simulatioa. To accomplish

thi-s restrictioz, it was aecessary to structure the

simulat _on program so that aay link which was busy it the

instant of "half time" was idant-ified and the fixsd value of

0.05 seconds (packet transmission time) was added to the

busy :Ime Of the link for the first half :) the simulation.

ThisE busy time was :hen subtracted from the -total time the

lirk was busy thogotthe sioiulation. The end rslt was

a me~asured utilization factor Eor any on-= link which could

be on the cripr: of 3.003 percent smaller than the ac=tual

value. Despite thesea Probable i-naccuracias, the results of

Ecquat ion (A-12) aIgrzee wi*th thz i*-rtuitL--v4 nct-:_zn --hit th-e

ave-rage delay per pa:kait Shou'AA axhibi: a iramatic _;nczease

as 'he netwocrk lcai'a7 approaztizss 'he nien:wo:k caoaci-.

ia ne-twork with fixed- :ou-ir the llbr,7ak oon1

for thr- rise -nialay tine zaa occur at mcderat-e n-?twork

IcacS if a critical subset of 'links _s Z-:_:atrei P 1.0)
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and a portion of the nodes ar. effectively "cut-off" from

C the network. The ritionil for employing a dynamic routing

scheme is that saturated links are bypassed (wherever

possible) until their utilization factors return to a more

normal level. The effect is to postpone the dramati= rise

in network delay until greater network loading conditions

are experienced by tlie network. Thus a whole cutset of the

network (vice only a few links) must hive a utilization

factor nearly equal to unity before the chiracteristic delay

* curve exhibfts Its predicted rise.

The actual measurement of the average delay ppr

packet was accomplished by ac:uzmulating the transit time of

all messages which reached their estinati:on and dividing by

the number of messages whirr. reached their desmination.

LThis measure does not include a method of determining the

delay near the "break point", since near that point the

number of messages which are delivered in a1 finite -ime

I Period becomes reiatively constant regardlass :f he network

loading. Thus tke result fr.n this metnod of compu--:.ng

delay does not exhibit the stronq non-linearity of Equ-a-ionI

(A-12) in regions near utilization fac-:rs equal to unity.

Most packet are not 1eliv=eed u ,erI these :_-cums7ances, but
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accumulate in the quoe is instead. If a 7orrect expression

of the average delay per packet is to be zeasured, it must

account for the futare delay which queued messages will

incur as they ultimat-ly work their way cut of the network.

The formulation of aa expressi-n which azcurately describes

the shape of the delay' curve ia its entirety (including the

"break point") proved an elusiv- goal. However, it in be

in-uitively argued that the performance of the proto=Dl in

regions near p = 1.0 aust be suc:h that the average delay per

packet i increasi3a very :imatically as -.he network

.oading approaches :lose to z-e network capacity. This

in-u:tVe argument was verified by rucniag the simula-'ion

-or a ur'on of ;reater -:.-. 180 sconds at nit

loadings which produce.d average ntwork ut2 iza-io .aczr

_n excess of 0.996 pi:csnt. Jaid-: thesz condi-ions it was

found -hat the average delay par packet did exhibit the

6xDected 1-rma-ic "nzrease. (Note that this delay was

eviden- only after r1atively :!mi- si multin run tmes.)

-: summary, -he aeor--et -=a leilay :z ve predicte y

Equation (A-12) does no-acci.a:£'y predi:t the perfzrmince

of the Distributed cu-:;ng ?::tocol du _ to "he alao-:ive

na-uri of the protDzo! an! :h _ fn.. . uraton : he



measurement period. Further, a successful mathematical

(model for predicting the measured performance of the

protocols was not found.

Lastly, the average delivery delay which resul-ting

when the Heritsch ilgori-thm was implemented in a test

network which had the nodes divided into groups was

q investigated. Although the average delay per packet was

siQnificantly decrased using the groap/family routing

feature of the Heritsch algorithm, for the small networks

studied here it was not as low as tI.e- average delay per

packet experienced in a sin-glze group network of the same

s~ze which employed the Dji-kszr3. algorithm. It is belieaved

-ha: ore sianificarnt and favorable ressults will be achie-vsA

if larger networks arez used 1- Comparing the performance cf

the H er Its ch algori6t hm insiagle group versus multi-ple

aroup/family networks.

2.Udating Eaegqiremants V=sus Newrk Comolexitv

The i.nhereat isadvantage i icing Distributed

no uti na Pr o tcols is -:he : squire am:n -iI o utiize c fcton

the ne-twork'Is capazit y to supp:ort tieupdat-; ni rg: (_z~eets

of the prot-6ocol. Natarally, De :otocc- 4nicr orovidas h

mo-st optin-um routing and require:s the least rnetwcrk zao=a,:-_y
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to operate is the m3st desirable. The imount of network

capacity required by the protocol is determined by the

frequency at which update messages are generated and the

number of nodes by wrich each update must be received.

It was determined, during the course of this study

that the network capazity required by each of the protocols

under consideration is a nearly constant value for a ;ivenI
net.work and did not depend, t: any great extent, on the

traffic loading of the network. Table II contains the

average update utilizition fa:t)r for the ieritsch algorithm

(fcr single and multiple group n-tworks) and the Djikstra

algcrithm (for siagle group n-zi=-ks only). No data was

obtained for the ie-:.tsch network implremeated on a 5/10 cz

20/40 multiple group network.

TABLE II

Update Utilizatior, Factors

Network H,?ri sch Haritsch D iKst_ a

(single Cr:)'i (multiole groups) (si:.le group)

5/10 .O* ..039

10/20 .385 .323 (2) .019

15/30 .139 .3 1 (3) .023

23"/40 .201 .328
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The numbers la parenthesis in Table II indicate the

( number of groups int3 vhi4h the network under consideration

was divided and the values shown are derived from a

simulation using a a~an of 5.5 packets per message (values

obtained fcr a mea of 123 packets per message are

identical) . The data in Table II indicates that it is very

q desirable to divile a network intc groups and famiflies

whenever the Heritsch algoritha is employei since the same

order of routing optimization ;3 achieved with a significant

reduction in the network capizity requirad to support the

protocol.

A significant result is that fo1r small networks zhe

D ji4kstra algorithm rzquizes less ne-twork =apactiJy than ioes

the FariA.sch algori"thm regardl~ss of how the ncetwork i s

str=uct-Ure4 for th? Heritsch algorithm W hi14e this result

may appear startliag given that the H-z:i-tsch al.gorithm

puzges updates from tl~e natwork whi-ch are aot- requirel to be

r=_ransmitted, it must be rammebeed that "he EHri:sch

dL'jcr : ,m aso recya':as al! "ioDt:eam" noe t z ntified

vrheneveBr a new best! pat-h is aiopted or a zhanne. valiz I:S

Chargqed. This reqiiremant ca.ises -he gen;rat-Lor :f many

adAot_-onalI update messages the aggregate of whi-h :-s



pomentially larger thin the totil number of update messages

per cycle generate! by the Djikstra algorithm. Despite the

lesser channel capa-ity required to implement the Djikstra

algorithm it must be remembered that the ailgorithm can only

be implemented sya:hroaously which may preclude its

consideration in some applizations Also for large esough

networks, the Djikst:a algorithm will require more channel

utilization than would the Heritsch algorithm for a network

which is partitioned into an appropriate heirarchy of groups

and families.
3. Sychronous 7ersus Astn:hzonous URdating Perfor nmanc

When the utilization versus network loading zuives

for the asynchronou s impl-ma-ntation or -he He-L tsch

algori-hm are compared with ta- curves obtained foz he

synchronous implementation of the algorithm, t is found

tha- there is very little difference in the shape and

correspondi ng numerizal values of the resoective 10/20 and

15/30 curves. hile Dnly the .- 3u!t s for these two ne-_orks

are oresented her?, they are typical of results obtained

when a variety of different network -opoI)g4 es ws:: :este!

under Iiffe:1r.t ae-work Loadings usina -he two

implementations of the Herits:s aIgorith. Thi conrllsion

r3



drawn from these results is t~it for a given network and

specified updating cycle tuea there is no significant

advantage in implementing the Heri-tsch algori-thm

synchronously as opposed to asynchronously (or vice versa).

This conclusion his con~siderable imaton the physical.

design of a packet switchiag network, since int Is not

required to precise ly synchro)nize= the ado)ption of new best

pa-Ihs throughout the network in order to obtain the full

benefits of the Haritsch algorithm. This translates to a

reduced complexity inthe design of the packet network

termtinal equipment.

4. Effscts Of User Me ssajea Lenilhs

one of the la 1::al objectives of this study was to

determine how the listributi:a of the lengths of user

messages impacts the perfforman:e of a Distributed RoUtin"g

Protocol. Since the simala.nioa programs are constru'cteS I-t-

operate on a predetacin M4ad pack et 1.*ength, t h Zlengnh :)f a

user meSssage i3 related no: the number of oackets -nzhnake

uo the message. in the simulatiors, ths ,umbc-r of- pazlel-s

in each message Is based upon a uri:ormly isn-ributed rando.Im

var'able with 'he maximum an! mlnimum values of' -he variLable

specified at the beginning o sth simulatior.. Ths misaa



value of the resulting distribution is used to control the

interval between the generation of user massages. In this

way the average number of packets per second entering the

network is maintained as a constant for each run of the

simulation, and the mean number of packets that are

ccntained in each message can be increased arbitrarily.

The results of this investigation are plotted on

each of the graphs presented in Appendix F. The graphs

contain the results found whea the mean number of packets in

a message was 5.5 and 10.5, corcsponding to maximum msssaae

lengths of 10 and 20 packet, r.soectively. No significant

difference in the perfcrmince of either the Djikstra or the

Heritsch prctocols was found as a result of increasing the

length of the user massages. lean packet values of 1, 3.5

and 7.5 were also i.aestigatd but are not presented here

since -he results obtained do -ot differ substantially from

thcse menticned abov?.

B. SYNOPSIS OF RESULTS

It is not possible to :-nc.ide that a parti ular

Distributed Routing ?roto:ol (Djicstra or iarizsch) -xh.ibits

betn-r ov.rall :perf:)_mance zaa-icteristics than the other.

Lach algorithm has ilvanrages an isadv antages which must

2J



be considered on the basis -of the network in which the

protocol is to be implementel. Certainly, if optimal

routing is a priority of the network, then the Djikstra

algorithm is superior. Howevec, if non-optimal routing is

acceptable and complexity of terminal equipment is a

consideration then t he He--ilts -_h algorithm has di4s ti4.nc t

advantages if implemented asynchronously.

The final conclusion of Itiis study is that the length of

user messages does not legradez the performance of either

protocci much when the average number of packets entering

the network per unit o)f time is relatively constant. Thus

the *interspersion. of long aril short user asssageas is not a

factor in the design o)f a packet switc hing network.

Lastly, i - a Dersi the context of the N"DS

cCmMunIcations network that the Dji;kstra algorithm is th

protocol of choice snould the NTrDs be converted to a packet

sw~tching network. While the asynchronous advantages if the

Heritsch algorithm 3Lp~sar dasi:able for this a pplc-a ticn,

_I ncreasing amoua: of info):mation the NTDS i-s being

required to throughput, points to thea adcption of a ?rotoc:o

which requires a mia2_mum of nzetwzork capaci-:y to oper ate.

Addi- ionally, sinzce initrs of tae fleet acs not constafnsd
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by -the size and complexity of the terminal equipment which

C is required to maiati-n a synchronized network (as compared

to a man-pack version of a pazket switching network) the

choice of the Djikstra algorithm for VTDS applicatio)ns is

reasonable.
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APPENDIX

AVERAGE DELAY PER PACKET

The unit of measure used in this study to compare the

relative performance of routing protocols in a given hetwork

is the average delay per packet (Tp ). rhe derivatioe of

the relation of this :easure to the link atilization factors

of the network is provided here and is based upon material

presented i Gross aad Harris :Ref. 5]. and

Kleinrock (Ref. 6].

One of the basiz oacameters in queuing theory is the

utilization factor (?) which is defined as the averzage

arrival rate of customer (eg. packets ial updates) at a

service center ("g. !ink) multiplied by the averags time

reauired to servic- (eq. transmit1 the customer. In general

this is expressed as

p = ix (A-i)

where

i = the average arrival rat= of the customers

x = the aver-age :ia _ raquired to sezvice aa customer

For this derivat:,on the suoscrip-s j zad u ae us . t,:

.-- ,a-e that a pa:'cuia: va:Lable is _ef- red -o

55

-41III• H IIN l m llu m m llm n naummmm



4

or updates respectively. rhus the utilization factor for

packets over the i-th link is expressed as

p = -x2
Pi pi pi

where

1 = the a~wragq number of packets per second
pi arrivtng for trinsmission 3ver a link.

For an M/M/1 queue, the term xp can be replaced by the

term 1 uC , where a represents the perc.ntage of a packet

which is representel by 1 bit (ie. 1 / u represents the

length of a packet in birms) ai CL is the number of bits

per seconi which can be servizel by the i-th link. Equ-:ion

(A-2) can then be rewritten as

10
0o ( -3)

Morecvie:-, for M/M/1 systems (i a sstm with customers

arriving a: an expo nentia 1y iistriburead rate and the

service time per customer is exponentially iistributei) the

Sxlpecte4 time a pa:ket speWs in the "-thlink's ;aeue

befcre servicing begins can be expressed s
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Iu
W -- - - - - (A-4)

qpi a - 1
i. pi

and the expected deliy for the delivery of a packet over a

link is

W = (A -5)

which is to say that the expected delivery delay for a.

packet is the sum of the exp.cted time thea packet spent in

the service queue plus the -in= requir-l to service the

packet.

( The assumption is made far the remainder of the

eer ivat4on that Ec ati n (A- 4) will :-,vi-de a f-i_

epresen!ation of -he expecte 1.ilay tine for a Dacket wnsn

-:he service time per packet 4s ixed insteal of

Orebabilistic in its nature. -oweve:, Since two types Of

messaaes (updates ar. packets) with diffSeent fixed s:.rvice

times are -alowed to enter a l!nk, the time availabl? fo_-

-the link to serv-ce packets is reduced by the amount of time

the link is busy sewicing p~tes. Thus Equation (A-a)

Must sti be modifie-d to _-fLzt th9 system opsztirbation

due -o -h: loss of available peoket servica time.
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Consider the case where xAj is the time required to

( service an update massage and ttZ is the interval between

the arrival of update messages at the i-th link. The

arrival rate of updates at the link (1,j) is equal to

(1 / tL). Using Eguation (X-2) , modified to reflect its

app!ication to update message, the utilization factor for

updates becoms

p --= (A-6)
u t

The fundamental interpretation of the term uCL in

Zquation (A-4) is t_ e maxiuD average number of packets

which can be transn-a-ei oe: -- con-i ov m -he i-th link.

Only a fraction ( (t - x )f t ) of the timS iS

available for packets, howevar, when upoates must also be

-ransmintsd. Accord'agly, we D3t =educe ai by -he facmor

U:1-------= 1 - (A-7)

U:

which is e q'ivalent t: reduci g a 7u u', where

U' = u (1I -~ I (A-8)
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Replacing u with -' in Equation (A-4), a new expression

for WpL (Equation (A-5)) is obtained

:lu (1 - pu _))
3. U4

W = .... 4 (A-9)j p i luZ i ( 1-p Pi - 1u. pi i

From Kleinrock, :Ref. 61. the average packet delay

(Tp ) for a network af service :enters is expressed as

~ipi

S = -W (A-10)
6 p i=I g pi

where

g = avera g total number qf packets
par second entering the
network

k = number of links in the network

Substituting Equation (A-51 into equation (A-10) the

expression for average delay time for a packet in the

network becomes

k 7 - /(iC(1 - O )) 2
T =----- --- --- -- (A-11)D i i-L lc ( 1 - ) - l u

P~ 9 1C.u
@ i = I I u i I"i

Xfter some simp '61ification th I3 becomes
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T + p (A-12)ul pi

Equation (A-12) represents a method of relating the

network capacity which is utilized by a routing protocol and

the traffic loading level of the network to the average

packet delay. FDr the simula:ion work presented in this

study the utilization faztors (p. and p P were measured

directly and the n-3twDrk Ioading (g) was in input parameter

to the simulation.

The reader sh:ul fote that Equation (A-12) is valid

only for comparing the perforzaace of protocols and not for

caiculation of the a:tual perf.:mance of a protocol.
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NETWORK CONFI:tJRATIONS

Fig. B.1. The 5/10 Network

Fig. 8.2. The 13/20 Network
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F ig. 85.3. The 15/30 Network

Fig. 8.L4. The 20/L40 Network
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APPENDIX C

HERITSCH ALGORITHM (SYNCHRONOUS): PROGRAM LISTING
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APPENDIX D

U LISTING OF ARRAS USED IN :HE SIMULATION PROGRAMS

Arrays commcn to all programs:

1 - dimensional irrays

FAM.OF.GRP (no.of nod.es + roups + 25)
1st -- program ID of he 1-th group

HISTOGRAM (13)
1st -- no. of links with utilization

fictor i/10

PKT.QU.DISTR (1030)
st- -- number of times packet queue size =

UP.QU.DISTR (1000)-
lst -- number of times update queue size = i

2 - limensional arrays

CLCCK.DATA (10 * no.of nDdes, 2)
1st -- number of 1os = N
2nd-- 1 = net t.imz for all packets hoppina

2 = high-st inlividu- _ zi-? fo.r

a N hop packet

125
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HOP.COUNT (13 a io.of modes, 2)
Ist -- number of 2ops = N
2nd -- 1 = ad

2 = no.of packets hopping N nodes

LINK. ABLE (aDof links, 2)
1st -- litnk pumber
2nd -- 1= first end node

2 = second end node

PKT.S1P.SET (selectedlinks to be sampled, 2)
1st-- sample link ID number
2nd-- 1 = 'from' nde ID

2 = 'tO' nDde ID

TRACER (estimate of thz maximum number of
messages, 2)

1st - essige nulber
2nd -- 1 = number of packets in the message

2 = numberiof packets Gf the message
w h reach their destination

UP.SMP.SEr (selec:ed links to be sampled, 2)
1st -- sample link ID number
2nd-- 1 = 'from' node ID

2 = 'to' nDd= ID
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3 - dimensional arrays

BEST.PATH (no.of nodes + groups, no.of nodes
+ groups, 4)

1st -- 'from' nod., group or family ID
2nd-- 'to' node, group or family ID
3rd -- I = zurreat best path neighbor

2 = channel value through the current
best path neighbor

3 = best oath neighbor to be adopted
,= 14Cing next update cycle

4 = channel value to gest ah
1eaihbor which will be adopted
during next update cycle

LINKMONIOR 2 *no.of l-iks, 2 no.of links, 6)
1st - from' node ID
2nd-- 'to' node. 1D
3rd 1 = Link status (idle/busy)

2 = :urrent packet qu-ue of link
3 = max pazket queue thus far
4 = zurrent update quz-e of link
5 = max u iate queue thus far
5 = :o. oackets ie* ueue at th=

simia1at ion half

NEIGHBOR.LIsr (no. of iodes, max links per node, 3)
1st -- i-h node3 tD
2nd -- ED number :f link
3rd -- 1 = neighbor nodp ID

2 link st aus (idl/busy)
3 = channel value f-oa node to neighbor
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4 dimensional icray

LINK.TIMER (2, 2 * no. of links, 2 * no. of links,

1st-- 1 = packet
2 = update

2nd -- sending naoe ID
3rd-- receivin; node ID
4th 1 = star? time for busy link

2 = stop time for busy link
3 = zummuative time .-k is busy
4 = zummulitive time link busy up to

simulation half

Additional arrays for Djiksta algorithm:

2 - dimensional -arrays

ADDREsS.Lrsr (no. of no =s no. of nodes)
Ist 3ending n1ig-_5
2nd-- lestinatioa node ID

ADD. ESS.LiSr (n?. of 2:des, no. of nodes)
1st -- sending hole ID
2nd-- lestinatioa node ID

DJ'KSTRA.AZAR:X ino.Dz nodes, no. of nodes)
1st sard;ng q:)1o3 ID
2nd-- les-inatio, noode ID

PATH.AVAIL (no..r rofn- s, no.of noles)
Ist -- 3erd n n 9d- ID
2nd-- lestinatLoa node ID

IA
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SAMPLE INPUT AND OUTPUT DArA

Input 1data set: aode.factor

5 - r.nole
1. 1. 1 1 - transmit. percent(
1. 1. 1 1 - receive percent(
1. 1. 1 1 _ group(1. 1. 1 1 - f1iky()
1. 1. 1 1
0.1 - p .date.pe -iod
0.0001 p proce ss --a .t, me
0.05 p kt.xmn, .,9

30.. _me. l4m44
0.5 window ( tLr channel value
00. 00. - in.group - in.family
0 -rnt
5 500 - smp.Links - no.of.samples
0 - links
1 - max.links.per.node
1 2 - aode no. - aode no. (defines link ends)
1 3
1 4
1 5
2 3
24
2 5
34
3 5

5
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Output data set:

NEW SIMULATICh
I/AX.FKTS.PER.PSG . 10.CO
PKTS.FER.SEC.AVE - 15C.00

-- UTILIZATION FACTOR -- PKTS IN PKTS IN WAIT TIMEQUEUE AT 2UEUE AT FOR PKTS
LINK FACKET UFDATE TOTAL IALF E A

1/ 2 .616656 ,C44511.  .661177 C 2 1.7912612/ 1 .566655 ,046663 .613318 10 0 1.437c931/ 3 .6C6655 .C476C1 .654255 6 13 1.7243113/ 1 .-42331 ,C4552 .58d924 1 14 1.295771 1/ 4 .60S999 .045454 o655453 4 0 1.7413844/ 1 .56S94 ,C45723 .615717 0 0 1,455y541/ 5 .54987 .C455J6 .59553 0 0 1.333c165/ 1 .64'581 .046126 .6961C7 C 0 2.10741c2/ 3 .6C6654 .C45332 .651g96 11 0 1.7143623/ 2 .623334 .C47988 .671322 0 3 1.86506621 4 .656654 .C4532i .701983 4 14 2.1722334/ 2 .5799C .C47192 .6271E2 3 10 1.52ti521 5 .543325 ,C44662 .589987 12 0 1.29654a5/ 2 .59332e .C477'8 .641056 0 0 1.c,2324:3/ 4 *5795S, .C4754(: ..6275E5 0 16 1.52a4214/ 3 .639987 .C49457 .689444 0 7 2.0274413/ 5 .546652 .C47190 .593843 14 5 13~~5/ 3 .66664E .C5C8C6 71454 6 0 2.32.37524/ 5 .57;98e .C47987 .627975 15 5 1.52'97615/ 4 .63;984 .C47727 .687710 12 4 2.017254
AVE.P.FLCW z .55849C
AVE.U.FL W = .C4691!
AVE. ; .-LG .645403
GEN.CCUNT = 4421
ES'I.COUNT = 4314

TRANSIT.TIME = 3051.942139
STRANCED.WAIT 49.1CC677
TIALINK .4C1688
Q.IN.LIN'K iC.I8658
CHECK.DELAY - 7C395CAVE.OELAY.FER.PKT .225555
RATIO STRaNIEC = 0248C3
PKTS IN CUELE AT t-ALF = 98PKTS IN CUEUE AT ENC = 93

INTERVAL NUMEER CF LINKS
0. - .1C 0
.1C - .2C 0
.20 - .3C 0
•3C - .:4C 0* .4C - .5C 0
•5C - .6C 4
.6C - .7C 14
.7C - .8C 2• 8C - .€SC 0
.9C - 1.CC 0

SIMULATICN STCFS

4
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APPENDIX F

GRAPHICAL RESULTS

DOELAY HERITSCH L ORITHM ; SYNCHRONOUS

NODES - 5, LINKS - 10

S... . . L...... . ...........................

-. . R . C ....... . ... ... .... ..... ... .......... ... .. ........ .. .. ..... ... .............. .. .. .

u .. . . . . . ... ............. .. ............ ... .... .......... ....... .. ................... ............. .. ..

...... ....D ........... .. .

T I

0 s0 CO 150 203 250 300 350

RVE NUMBER 7, P9CKE7S PER SEOCONO

Fig. F.1. Delay: Heritsc- (synch), Network 5/13
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CEL9Y HERITSCH iqLGGRITH!1 SYNChRCNCUS

qNOCES -10, LINKS -20

................. ..... ... ...... ...... ............

U".... .. ... ..

... .. . .. .... ...i.. ... ..
... .hE RE 3 .. .... ... . .....-... ...... .........

so 100 ISO 200 250 7.10 3SO 400

AVE NUMCER Or PRCKE:S PER SECONO

Fig. F .2. Delay: Heritszh (synch), Ne~twork 10/20
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OELAY HER ITSCH AL:GORITHM ;SYNCHRONOUS
NODES - 15, LINKS -30

z

Ui- ...................................

.. .. .. ... .. ..... .. ... .. .. ... .. .

THE :RE T 1..9L . ... .......... .......-.... .........

I Z S R ... . .. . ... .. . .. .. . .. .. ..

CC

1 0 0 ... ... ... .... .. ..0.. ..0.40 0. 4 5
AVCUBRC CE3PRSCN

.. .. .. ..... ...

Fig. F.3. Delay: Heritsch (synch), * atvork 15/30
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01-L1Y HERITSCH ALGORITHM ;SYNCHRONOUS
qNODES -20, LINKS ":

-tD
B

CAJJ

E .CRET!CL

T H .. --

Li

150 260 2;0 3'J35040 .0 2
AVEN!*MBR F PRCKErT3 PER SrCN

Fig. F.4~. Delay': Heritszh (synch), Network 20/40
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NO:S -2,LP,.KS -20

flESURED

no* HS0 35 c0
9VE NUI1BER VF PHIKE7 PER Ct0

P--g. F .5. Delay: Eiecitscmi (syn:h) , Network 10/20 (2 groups)

135



I

(

q ~~~~~~~~~DELiRy HR7C- G~-1;~YC'C

.. . ...
"I

TEORE ... .....

II

... ... ..- .. .. . ..

.......

I

O0 . 9 . . .. 3 2. 4 9 4 '50

Fiq. F.6. Delay: Hecitsch (syn:h), Network 15/30 (3 groups)
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~~T3 ~ 3 ',~I YCH- GROUP

N - LS -,2

7n

.. .. .. . . . .. ... . .. .. . . . .

I cz

-Mo35

- -PER

Fig.F.7.Dely: Hritcla asych),Netork 0/2
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DEUrIY T L.GCRITHM ;SYNCH GROUP

NOCES -15, LINKS -30

.. .... ..... ... ....

.... ...

.. . . .. ..

jo
RV~~~ ...: .... ...T ~~C N

1308

2t A00



OEIL1Y OJIKSTRA PLSORITHM ;SYNICHRONOUS

qNOCES -5, LINKS -10

z a

C- I

0' 1 - 0s 0

AVE NUvER OF PACKETS PER SECCNO

F4g. F.9. Delay': Djikstra, Netwv)rk 5/10
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DELAY OJI<STRA ALGORITHM ;SYNCHRONOUS
NODES -10, LINK(S -20

.... ...... ......
CDq~

Ir-

'ii

so 100 "so 200 "cu 3C0 3S0 400 450

I AVE NU? *KR O)F Fz;CKETS PCR SEC0\0

Fig. F.10. Delay: Djitstra, Netvock 10/20



LL
..........

" IEASURED ...-....

ILO z5 2EfM Z50 S.
NUI-IBER Or PACKLTS, Pr SECOND

Fig. -7.11. Delay: Djicstza, Netw~rk 15/30
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C iLY j'K.: "3RTr-M 5 YNC.,RL--OUS

qNZ'CrE - 20,'L K 410

kD. ....... .. ............................ .......
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UTILIZATION FACTOR HERITSCH ALGORITHM1 SYNCHRONOUS

NODES -5, LiNKS - 1

d4 .flYERRGE. UP.DPLTE. . ....... .... ..... ....
UTIL.1ZAION FACTOR .. .0...

-3

... ... ABX PKTS PE.R .1.

z -

0 50 100 150a 100 250O 300 350
A9VE NUMBER OF P9CK:TS PER SECOND

Fi4gure- F.13. Utilizat ion Fazt:): Heritsch (synch) , Network

5/10
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UTILIZATION FARCTOR HERITSCH ALGORITHM1 SYNCH1RONOUS

NODES -10, LINKS - 20

c! .. .8VERAGE>UP0RTE.-.-
S UTILIZ,9T!0N FRCT'R --- -0.0665.....

CZ,

0T

-5 . . .. ........

.. . . . . . . . . . . .

so1010200 250 300 0 400

AVE NUMlBER OF PACKETS PER SECOND

Figure F.14. Utilizition FactD:: Heritsch (synch), network

1 0/20
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UTILIZATION FACTOR HERITSCH ALGORITHM ;SYNCHRONOUS
NODES -15, LINKS - 30

11 J .9V -R F :.J O T ............ ... ... ..........
UTILIZAPTION FACTOR

........... ..I9 .... ............ ......................... ..
.. .. . .. . .. . . . .. . . . ... . .. .. . . .. .

.. .... ...

.......................... 2.;

............ ........... ........ ....... . . . .

100 10 0' 250 300 35450 s
AVE NUMBER OF PACKETS PER SECCNO

Figure F.1-5. Utilizit ion Factoc: Heritsch (synch) * letwork

15/30



UTILIZATION FACTOR HERITSCH ALGORITHM ;SYNC~iRC2r~uS
NODES -20, LINKS -40

.8VERf.GE.>UFDRE.....

(Y- UT IL I Z9TION FACTOR
... .. .. 0 1. .... ...... ...... .. ..... .............

c(F9

C ~ ~ ~ ~ ~ ~ ~ ~ A .KT .......... ....... .. .................
a IQ

CD-2

T161~ ......... . r.... . .... ..50.. 20 .50 .00 .5.. 40.45

1ti6

......................... ............... ... ...- 2 1



UTILIZATION FACTOR HERITSCH ALGORITHM ;SYNCH GROUPS

NODES - 10, LINKS - 20

PD ..VER~.. UPAE - ~...........1
UTILIZATION FACTOR

D 9 0.028 ..

C; o ...... .........................

z:1
o I T

50 .. 100... .5 20.........00....

...E ..U.BER ..F . .....T . ~ S...ECO.N....D
C, . ....

Fi ur 
................. 

...
±z o ...... .. it c (.y ch .. .........

Z ~ ~ 102 (2.PTS Pgr ..pMS

0 .. ... .. .... ... .. ... .. ... .. ... . ... .. .. -

4a



UTILIZATION FACTOR H-ER1T5OI-fALGORITHM ;SYNCM4 GROUPS
NODES -15, LINKS - 30

... RVER RiG [ .U PO R IE................... .. .............. ... ... ...... ..
UTILIZATION FRCTOR

C C 0

..... .. ..... ... . .... . .... ... ....... ... .. .. . . .. .

-m

100 450

15/3 0 (3O g00rSups0 4

1L48



qUTILIZATION FACTOR HERITSCH ALGORITHM ;ASYNCHRONOUS

NODES 15I, LINKS - 30

~~~~~ ....ERG~UFFT
S UTILIZATION FACTOR....

z
CD

10:
.. .. ..... .... .... .... .... .... ..0 .0 .. . 2 0 .; .. ... ... ... .

X o c3 ... s ...

AVE NUMBER OF ?9CKETq- 'PER SEC IND

Figure F.19. Utilizition Factoc: Heritsch (asynch), Network

1 0/20



UTILIZATION FACTOR HERITSCH ALGORITHM ; AYNCHRCN:0jUS

NOOES 10, LINKS -20

lp R ..... ..
AVRRE U.RE

* Cc UTILIZATION FACTOR ...

c . ...........;). . . 9 + ........... . ... .......... ...

17:) I

-r u..

.......
.5 .0 2...0 ......

100 4cr

..V. .... ER .. F. P..ET PER .. ON
:6F 

. G.

CI. n . .... .. .. 0

FiueP2. UiiCDo atr eisc ayc) ewr
* 15/30

... .. ... .. ... . 1.. ..

6z



UTILIZATION FACTOR OJIKSTRA ALGORITHM ;SYNCHRONOUS

NODES -5, LINKS -10

B VERRGt UFORTE.. ....................
SI TILI-Z.9TION FCTOR

z
CD

.- ... ... I KT .. .....

.. ..... ....

Li0

so5 100 ISO 200 250 300 350
AVE NUMBER OF P9CKETS PER SECOND

Fig. F. 21. Utillizitiom Factor: Djikstri, Network 5/10
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UTILIZATION FACTOR OJIKSTRA ALGORITHM ;SYtNCHRCNOUS

NODES - 10, LINKS -20

S UTI1L1Z9TION FAC'T OR..-;. ..*...........

- ~1 A<..............
cz

..g ..2 .tlzto ....... ... sra .. t.r .10./2..0.. ...eZ

.. .. .... .. ... .. ... .. .. . a.5 2. .
CY1 m ....



UTILIZATION FACTOR OJIKSTRR ALGORIT1HM ;SYNCHRONOUS

0NODES 15I, LINKS -30

R VERHGE, UP I.E..
JTILIZ9TION FACTOR

a-023.

0 1 . .. ........ 2

.......
......... ..... ....

100 150 z;0 2;0 300 350 4120 450 z

AVE NUMBER OF PACKETS PER H5ECONO

-~q. F.23. Utilizit-on Factoc: Djikstra, Network 15/30
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UTILIZATION FACTOR OJIKSTRA ALGORITHM ;SYNCHRONOUS

NODES - 20, LINKS - 40

'4 UTILIZATION FACTOR

C,

c; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CD(

11.. .. .... ............ ......... . .. .............

100 200 300 400 500 600 70
AVE NUMBER OF PACKETS PER 'SECOND

Fig. F-24. Utilizition Factoc: Djikst:.z, Network 20/~43
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